Introduction
Almost 80% of Mo produced in the world is used in the steel industry and the remained 20% is for the chemical industry, e.g. catalysts and lubricants. In the steel industry, most of Mo is used to produce Fe-Mo (less than 1 mass% Mo) ferroalloys. Unfortunately, Mo recovery from these FeMo alloys with low Mo content is quite difficult by the current technology. On the other hand, Mo carriers used as a catalyst or lubricant contain about 10-20 mass% Mo. The recycling details of these waste carriers has not yet been well known and the Mo recovery from these wastes will not be so popular at this moment. Considering the recent tight regulations to the waste and the expecting depletion of the Mo resources, the recovery of Mo from these wastes is quite attractive as a stable Mo resource. Therefore, the Mo recovery from the spent lubricant has been investigated in the present study.
Mo in the lubricant or catalyst is existed as MoS 2 . In the conventional Mo roasting process, Mo fine ore contained more than 54 mass% Mo (or more than 90 mass% as MoS 2 ) must be used. The ores with less than this content is not suitable for the roasting process. 1) Therefore, the roasting process cannot be applicable for the Mo contained spent lubricant, and another process must be used.
The following several processes were already reported for the Mo recovery from wastes in the chemical industry. [2] [3] [4] [5] [6] 1. HNO 3 treatment 2. Alkali leaching 3. Roasting with CaO or sodium hydroxide 4. Chlorination process 5. Carbothermic reduction with CaCO 3 addition The processes of 1 to 4 possibly made large negative impacts on the environment. Thus, the carbothermic reduction with CaCO 3 addition seems to be more attractive and several studies were carried out.
(1) Habashi and Dugdale 7) carried out the H 2 reduction of MoS 2 with CaO addition and 40 mass% of Mo was successfully recovered based on the following reactions. The carbothermic reduction of MoS 2 with CaO was carried out at 1 473 K. The product was separated into Mo(s) and CaS by using the density difference of the products. 90 mass% of Mo was recovered by this process. (3) Johnson and Pickles 9) carried out the carbothermic molten reduction of MoS 2 with the mixture of CaO and Fe by using high temperature plasma flame. They said that 95 mass% of Mo recovery was achieved. The proposed overall ISIJ International, Vol. 52 (2012), No. 7 reaction is as follow,
Taking into account these results as well as the main market of Mo, the Mo recovery as a Fe-Mo alloy from the spent lubricant by applying the carbothermic reduction with low cost carbonaceous materials (coke) has been investigated in the present study.
Experimental

Apparatus
For the development of the effective recovery process of Mo as Fe-Mo alloys from the spent lubricant, it is necessary to understand the details of the reaction mechanism. The carbothermic reduction mechanism of the spent lubricant was investigated by applying quadruple mass spectroscopy (QMS), differential thermal analysis (DTA) and X-ray diffraction (XRD). Since the spent lubricant contains a lot of elements, the reduction mechanism is expected to be complex so that the analysis of the details of the mechanism will be difficult. Therefore, as a first step, the carbothermic reduction of the spent lubricant simulated sample made from several chemical reagents was carried out to simplify the reaction mechanism. The reduction process of the simulated sample was analyzed by using QMS, DTA and XRD, and the mechanism was investigated based on these results. Then, as a second step, the reduction of the actual industrial spent lubricant was carried out and the results were compared with that of the simulated sample and the reduction mechanism was discussed.
The vertical resistance furnace with LaCrO3 heating elements was used in the present study, and the reacting system with the furnace is schematically shown in Fig. 1 were set in the reacting tube. The bottom of the crucible is positioned to the center of the isothermal zone. The temperature measurement was carried out by using two thermocouples of 40%Rh-Pt/20%Rh-Pt and 6%RhPt/30%Rh-Pt (Btype). The thermocouple of 40%Rh-Pt/20%Rh-Pt was placed close to the heating elements to control the furnace temperature within ± 2 K. B-type thermocouple was positioned just below the bottom of the crucible and used to measure the experimental temperature.
Spent Lubricant Sample Preparation
Referring to the reaction (4), we have tried to establish the process of the Mo recovery as Fe-Mo alloys from the spent lubricant with adding CaO and Fe resources in the present study. The sample was prepared by mixing the spent lubricant (supplied from the company) with CaCO3 and Fe3O4 and fine coke. To form a pellet of this mixture, small amount of adhesive was added. The adhesive contained Al2O3 and SiO2. To adjust the final slag composition to the low melting point eutectic composition of CaO-Al2O3-SiO2 system, the amount of CaCO3 was controlled. This sample prepared in this way will be called the lubricant sample. The final chemical composition of the lubricant sample is shown in Table  1 .
The Experimental Procedure of CaCO3-MoS2-C
Mixture Sample As mentioned in 2.2, the lubricant sample contains CaCO3, MoS2, Fe3O4, SiO2, Al2O3 and C. Consequently, the complex reaction among these components can be expected. Thus, to make the overall reaction much simpler, the carbothermic reduction of the chemical reagent mixture of CaCO3 (>99.5 mass%), MoS2 (>98 mass%) and C (99.5 mass%) was carried out. The molar ratio of CaCO3, MoS2 and C is adjusted to 1.7 : 1.0 : 4.8, and is almost the same to that of the lubricant sample. This sample is referred as the simulated sample. The simulated sample (about 10 g) is charged into a graphite crucible (O.D. 30 mm, I.D. 25 mm, Height of 80 mm). Then, temperature was increase with the heating rate of 300 K/hr up to 1 173 K, 1 273 K and 1 373 K and held about 1 hr. After that, the sample was quenched by raising the suspended crucible by Mo wire to the low temperature zone of the furnace. The obtained sample was subjected to XRD analysis. Using the same simulated sample, another carbothermic reduction experiments for the evolved gas analysis by QMS and DTA evaluation was carried out.
The Experimental Procedure of the Spent Lubri-
cant Sample Referring to the results of the simulated samples, the carbothermic reduction of the lubricant sample (the composition is shown in Table 1 ) for the Mo recovery was carried out at 1 773 K by applying the exactly the same way as described for that of simulated sample experiment except the temperature of 1 773 K. Based on the results, the possibility of Mo recovery from the spent lubricant was discussed. The XRD patterns for the quenched simulated sample after holding 1 hr at each experimental temperature is shown in Fig. 2 . The reduced simulated sample at 1 173 K is consisted of MoS2, CaO, CaS and C. The samples at 1 273 K and 1 373 K show the existence of Mo, CaS and CaO. Namely, MoS2 was reduced to Mo at 1 273 K and 1 373 K.
QMS Analysis
The evolved gases during the vacuum carbothermic reduction of the simulated sample (about 50 mg) in the Al2O3 crucible with heating rate of 300 K/hr was analyzed by using Q-mass. The change of the evolved gases with temperature is shown in Fig. 3 . H2O was observed from 450 K to 800 K. CO2 gas evolution increased from 773 K, and the volume was increased with temperature and reached to the maxim at 923 K, then decreased after that. From 1 073 K, CO gas evolution increased. At more than 1 423 K, most of evolved gas is found to be CO gas.
DTA Measurement
The DTA measurement was carried out by using the simulated sample (about 50 mg) for QMS analysis and the procedure described in 3.1.2 except the atmosphere of Ar instead of vacuum condition. Since the sample contained CaCO3, the decomposition of CaCO3 is expected. To examine the temperature of CaCO3 decomposition, DTA analysis for the reagent CaCO3 was also carried out. The DTA results of the simulated samples as well as that of the pure CaCO3 are shown in Fig. 4 . Using the Eq. (6), the temperature of CaCO3 decomposition with pCO2 of 1 atm was calculated to 1 176 K. Thus, the sharp peak at around 1 100 K for the reagent CaCO3 can be attributed to the CaCO3 decomposition reaction. As shown in Fig. 4 , the small endothermic peak at 500 K and the sharp endothermic peak at around 1 123 K were observed for the simulated sample.
Comparing the peaks between the simulated sample and CaCO3, the peak at 1 123 K for the simulated sample can be due to the CaCO3 decomposition. At above 1 273 k, the moderate endothermic peak was observed. At more than 1 400 K, the continuous endothermic-exothermic peaks were observed. It is very difficult to find out the reason of this behavior, and further study is certainly required.
3.1.4. Reaction of Mechanism of the Carbothermic Reaction of CaCO3-MoS2-C Mixture Based on the results by XRD, DTA and QMS analysis, the carbothermic reduction sequence of the simulated sample can be described as follow;
The evolution of H2O between 450 K and 850 K was confirmed by QMS analysis, the broad peak at around 523 K shown in DTA can be attributed to the dehydration reaction. Main gas evolution between 800 K and 1 100 K was found to be CO2. Combined with the DTA results, this CO2 can be produced by the CaCO3 decomposition. The CO2 possibly react with C and will be converted to CO gas by Boudouard reaction;
The reaction (7) is endothermic reaction. Therefore, the broad peak observed at around 1 273 K will be due to the Boudouard reaction. The produced CaO and CO gas can react with MoS2 and metallic Mo will be formed.
The small peak at around 1 400 K may be assigned to this reaction.
Carbothermic
Reduction of CaCO3-MoS2-Fe3O4-C Mixture As already mentioned in 3.1, MoS2 is reduced to metallic Mo by the carbothermic reaction of the simulated sample (CaCO3-MoS2-C mixture) with the combination of reactions of (5), (7) and (8) . As a second step, the carbothermic reduction of CaCO3-MoS2-Fe3O4-C mixture was carried out. The chemical agents of CaCO3, MoS2, Fe3O4 and C were mixed at the ratio of 1.7 : 1.0 : 0.75 : 4.8 as the same ratio of the lubricant sample. This sample is called as the simulated sample-2. The carbothermic reduction of the simulated sample-2 was carried out and the reduction mechanism was investigated based on the measured XRD, QMS and DTA results.
XRD Analysis
The simulated sample-2 (about 10 g) was charged into the graphite crucible (O.D. 30 mm, I.D. 25 mm, Height of 80 mm). Then, temperature was increased to 1 073 K, 1 173 K, 1 273 K and 1 473 K under Ar atmosphere with the heating rate of 300 K/hr and held about 1 hr. After that, the sample was quenched by raising the suspended crucible by Mo wire to the low temperature zone of the furnace. The obtained sample was subjected to the XRD analysis. The XRD patterns for the quenched simulated sample-2 at each experimental temperature are shown in Fig. 5 . Using the same sample, another carbothermic reduction experiments for the gas analysis by Q-mass and DTA analysis were also carried out.
Ca and CaS were always observed at all experimental temperatures. MoS2 was found at 1 073 K, but MoS2 peak was disappeared with increase of temperature. The weak peak of CaMoO4 was observed at 1 073 K and its intensity has a maximum value at 1 173 K. However, the peak disappeared at more than 1 273 K. Since Fe peak was observed at more than 1 173 K, Fe3O4 is supposed to be reduced to Fe from this temperature. The peaks of Fe1.3Mo6S8 and Fe3Mo3C were found at 1 173 K and 1 273 K. At 1 473 K, the peak of Fe1.3Mo6S8 was observed but no Fe3Mo3C. Considering the peak intensities of Fe1.3Mo6S8 and Fe3Mo3C, Fe1.3Mo6S8 and Fe3Mo3C was formed at first in the heating process, then Fe1.3Mo6S8 was reduced to Fe3Mo3C with increase of temperature and fully reduced at 1 473 K. For the carbothermic reduction of the simulated sample (CaCO3-MoS2-C mixtures), metallic Mo was identified, however, Fe-Mo compounds was observed in the case of the simulated sample-2 (CaCO3-MoS2-Fe3O4-C mixture) reduction, but no metallic Mo.
QMS Analysis
As described in 3.1.2, the evolved gases during the vacuum carbothermic reduction of the simulated sample-2 (about 50 mg) in the Al2O3 crucible with heating rate of 300 K/hr was measured by using QMS. The changes of the evolved gases with temperature are shown in Fig. 6 . The peak of H2O was observed up to 873 K. CO2 gas starts to evolve from 773 K, and the volume was increased with temperature and reached to the maxim at 973 K, then decreased with temperature. Instead of CO2 evolution, CO gas evolution starts to increase from 1 223 K. At more than 1 323 K, most of evolved gas is found to be CO gas.
DTA Measurement
As the same as described in 3.1.2, the DTA analysis for the carbothermic reduction of the simulated sample-2 (about 50 mg) in the Al2O3 crucible with heating rate of 300 K/hr with Ar atmosphere was carried out. The results are shown in Fig. 7 . The moderate endothermic peak at around 523 K and sharp endothermic peak at 1 073 K was observed. Based on the discussion in 3.1.3, these are corresponded to the 
Carbothermic Reduction Mechanism of CaCO3-
MoS2-Fe3O4-C Mixture Based on the results of XRD, DTA and QMS measurements, the carbothermic reduction of the simulated sample-2 can be described as follow;
The evolution of H2O between 450 K and 850 K was confirmed from the results by QMS, and the broad peak at around 523 K shown in DTA can be attributed to the dehydration reaction. Main gas evolution between 800 K and 1 100 K was found to be CO2.
Based on the discussion for DTA results, this CO2 can be produced by the CaCO3 decomposition. CO2 gas produced by the reaction (5) reacts with C and converted to CO gas by Boudouard reaction (7) . Since the reaction (7) is endothermic reaction, the smooth endothermic peak at around 1 300 K can be attributed to the reaction (7).
Fe3O4 can be reduced by CO gas by the following reactions. Since the mixture contained C, the apparent Fe3O4 reduction may be also described by Since the reaction of (13) and (14) are endothermic reaction, the observed endothermic peaks at 1 223 K and 1 273 K will be attributed to the reactions (13) and (14). Based on these discussion, the overall reactions can be summarized as follows; When the simulated sample-2 is heated, initially CaCO3 decomposition reaction occurs to form CaO and CO2. CO2 production continues from 800 K to 1 100 K. At more than 1 100 K, CO2 decreases due to the carbon solution reaction of (7) and CO gas is increased. Fe3O4 was reduced to metallic Fe by the produced CO gas and/or solid C. The produced Fe will react with MoS2 and CaO to form the carbide Fe3Mo3C and sulphide Fe1.3Mo6S8. With increase of temperature, the sulphide is reduced to the carbide. Namely, In the carbothermic reduction of the simulated sample-2 , MoS2 will react with the reduced Fe to form the complex compounds of Fe1.3Mo6S8 and Fe3Mo3C.
Carbothermic Reduction of the Spent Lubricant
Referring to the experimental results of the simulated sample and the simulated sample-2, the carbothermic reduction the lubricant sample was carried out and the reaction behavior was analyzed by using XRD, QMS and DTA results. Based on the results, the feasibility of the Mo recovery as Fe-Mo alloy by the carbothermic reduction of the industrial spent lubricant was discussed.
XRD Analysis
The composition change of the lubricant sample (about 10 g) with temperature was analyzed by using XRD and the result was shown in Fig. 8 . The identified phases by XRD analysis in the reduction of the simulated sample, the simulated sample-2 and the lubricant sample at each temperature are shown in Table 2 .
Fe3O4 was remained at less than 1 173 K, but Fe instead of Fe3O4 was observed at more than 1 273 K. MoS2 is existed at 1 173 K, however, Mo and Fe form a sulphide compound at more than 1 273 K. In the case of the reduction of the simulated sample-2, the carbide of Fe3Mo3C was observed, but, it was not observed for the case of the lubricant sample reduction. One of the possible reasons will be the oxygen intake during making the pellets. Namely, O2 in the pellets could react with carbon so that the carbon content was decrease to the insufficient amount to the formation of the carbide. The XRD analysis suggested that the components of Al2O3, CaO and SiO2 in the mixture can react each other even at 1 173 K and produced the stable gehlenite (Ca2Al2SiO7).
QMS Analysis
Under the same condition with the preliminary experiments using the chemical reagents, the evolved gases in the carbothermic reduction of the lubricant sample was measured by using QMS. The results are shown in Fig. 9 . CO2 was observed from 773 K. The peak intensity increased with temperature and reached to the maximum at 973 K, then quickly decreased with temperature. The produced CO starts to increase at around 1 173 K. At more than 1 323 k, the most of the evolved gas was found to be CO. The species with the mass weights of 12, 14 and 16 were also observed. These species can be produced by the fragmentation of the gas molecules during the ionization process in the QMS detector.
Johnson and Pickles 9) reported that S2 gas was evolved during the reduction process at high temperature and its volume was found to be almost the half of CO. In the present study, we also found the mass peak of 32. It could be corresponded to S atom. However, its intensity was negligibly small compared with those of CO, CO2 and H2O gases. It simply means that S in MoS2 was not gasified in the present experimental condition.
DTA Measurement
Under the same experimental condition with the preliminary experiments using the chemical reagents, the measurement of DTA in the carbothermic reduction of the lubricant sample (50 mg) was carried out. The results were shown in Fig. 10 . As shown in Fig. 10 , the moderate endothermic peak at around 573 K and sharp endothermic peak at 1 123 K was observed. The previous peak can be corresponded to Table 2 . The identified compounds by XRD analysis for the simulated sample (CaCO3-MoS2-C), the simulated sample-2 (CaCO3-MoS2-Fe3O4-C) and the Lubricant sample (spent lubricant-CaCO3-Fe3O4-coke) after the carbothermic reduction at various temperature.
the dehydration reaction and the later can be due to the CaCO3 decomposition by considering the results in 2.2.3. The peaks at 1 223 K and 1 273 K observed in the simulated sample-2 reduction were also found in the lubricant sample reduction. The continuous endothermic-exothermic peaks observed in the simulated sample-2 reduction were also observed. The reason is also not yet clear.
Carbothermic Reduction Mechanism of the Spent
Lubricant Sample By comparing the results obtained by using the simulated sample-2 and the lubricant sample, it can be said that the carbothermic reduction behavior of the lubricant sample will be essentially the same to that of the simulated sample-2. Namely, the dehydration reaction occurs at around 573 K, CaCO3 decomposes at 1 073 K. The formed CaO reacts with MoS2 and Fe3O4 by the reaction (9) . The evolved CO2 gas reacts with C by the Boudouard reaction of (7). Fe3O4 is reduced to Fe by the produced CO gas. The produced Fe will react with MoS2 and CO by the reaction (12).
Recovery of Mo as a Fe-Mo Alloy from the Spent Lubricant
The melting points of the slag in the previous experiments were much higher than the setting experimental temperature (1 073 K to 1 473 K) so that the formed slags were not melted. Therefore, the experimental temperature must be increased to melt the both phases for the effective slag-metal separation to recover Mo as a Fe-Mo alloy.
Thus, Mo recovery experiments by the carbothermic reduction of the spent lubricant mixture at 1 773 K were carried out. In this case, slag and metal phase at 1 773 K is expected to be liquid state. The prepared lubricant sample is charged into a MgO crucible (O.D. 30 mm, I.D. 25 mm, Height of 88 mm). Then, the furnace temperature was raised with the heating rate of 300 K/hr up to 1 773 K and held about 2 hrs. After the reduction, the charged sample was found to be separated into metallic and slag phases just as expected. The contents of Mo, Fe, Ca, Si and Al in the both phases are analyzed by using inductively coupled plasma spectrometry (ICP) and the contents of S and C were analyzed by the combustion infrared detection method. The results are shown in Tables 3 and 4.
In this experiment, about 5 mass% of Mo was existed in the slag phase, and about 7 mass% of S was also found in the metallic phase. Namely, MoS2 was not fully reduced. The measured C contents in the both phases were found to be quite low so that the reduction could not be progressed well due to the insufficient amount of carbon just as mentioned in 3.1. Based on this results, the another experiment with the same experimental condition except using the graphite crucible (O.D. 30 mm, I.D. 25 mm, Height of 80 mm) instead of the MgO crucible were carried out. The sample was perfectly separated into metallic and slag phases. The contents of Mo, Fe, Ca, Si and Al in the both phases were analyzed by the same method described before. The results are shown in Tables 5 and 6 .
The measured Fe and Mo contents are 53.32 and 42.15 mass%, respectively. In the slag phase, about 6.5 mass% of Fe was existed, however, the Mo content is as low as 0.5 mass%. It means that the MoS2 is almost fully reduced under the carbon saturated condition. The final slag compositions with using the MgO and graphite crucible are 38.2 mass%CaO-59.5 mass%SiO2-2.4 mass%Al2O3 and 42.4 mass%CaO-55.8 mass%SiO2-1.8 mass%Al2O3, respectively. These compositions contain less amounts of Al2O3 and CaO than the low melting point eutectic composition in the CaO-Al2O3-SiO2-Al2O3 ternary system. Therefore, for the effective slag-metal separation, the additional amounts of Al2O3 and CaO should be added to the lubricant to adjust the final slag composition to the eutectic composition in the CaO-Al2O3-SiO2-Al2O3 ternary system. The S content in the metal phase is analyzed to be 2.33mass%. The S contained gas species were not detected in this reduction process through QMS analysis differed from the reported result by Johnson and Pickles.
9) Therefore, the possible reaction sequences of Mo recovery by the carbothermic reduction of the lubricant (contained MoS2) in the present study will be suggested as follows;
At first, Fe3Mo3C was formed by the following reaction, Fig. 10 . DTA analysis in the carbothermic reduction of the spent lubricant-CaCO3-Fe3O4-C mixture. The formed Fe3Mo3C will be dissolved into liquid Fe. The reaction of (18) is apparently the same to the reaction (3) proposed by Tripathy and Rakhasia. 1) They carried out solid state reduction, and solid Mo was recovered. In the present study, however, the added Fe3O4 is reduced to Fe-C melt and then the reduced Mo is dissolved into the melt. Thus, Mo is recovered as Fe-Mo-C melt. Johnson and Pickles 9) reported that Mo recovery was carried out by the reaction (4) . In the present study, however, the formation of FeS and S2 gas evolution was not detected by the XRD and QMS analysis. Namely, the reaction mechanism in the present study will be the reaction (18), but not the reaction (4).
Conclusions
The feasibility of the recovery of Mo as a Fe-Mo alloy by applying the carbothermic reduction of the spent lubricant with the mixture of CaO and Fe3O4 and coke was confirmed. In the present study, the reaction mechanism of the carbothermic reduction of MoS2 was also investigated and the formations of Fe3Mo3C and Fe1.3Mo6S8 during the carbothermic reduction of MoS2 were confirmed. In the present reduction process, S in MoS2 was not gasified and only CO and CO2 gases were produced during the reduction process. Under the present experimental condition, the MoS2 in the spent lubricant is successfully recovered as Mo in Fe-Mo-C alloy. The recovered Fe-Mo alloy contained about 40 mass% Mo and 4.3 mass% C. Take into account of the formation of Fe3Mo3C as the intermediate compound during the reduction, the apparent carbothermic reduction of the spent lubricant can be described by the following reaction, MoS2(s) + 2CaO(s) + 2C(s) → 2CaS(s) + 2CO(g) + Mo
